Background: Increased pro-inflammatory cytokines in tracheal aspirates correlate with the development of BPD in preterm infants. Ventilation of preterm lambs increases pro-inflammatory cytokines and causes lung inflammation.
Introduction
Ventilation of preterm newborn lambs initiates inflammation in the lungs [1, 2] . Like preterm sheep, ventilated very low birth weight (VLBW) infants have increased concentrations of the pro-inflammatory cytokines IL-8, IL-1β, IL-6, and MCP-1 in tracheal aspirates and these increased levels correlate with an increased risk of bronchopulmonary dysplasia (BPD) [3] [4] [5] . Ventilation of preterm infants with moderate respiratory distress increased plasma levels of IL-1β, IL-8 and TNF-α and decreased levels of the anti-inflammatory cytokine IL-10 [6] . Surfactant is the major variable determining the compliance of the preterm lung [7] , and surfactant treatment will decrease lung injury [8] . However the initiation of ventilation at birth is a unique situation because the airways initially are airless and fluid filled, and without labor, little surfactant will have been secreted into the fetal lung fluid. The initial ventilation of the preterm lung will occur before much of the endogenous surfactant is secreted [9] , potentially increasing the risk of injury in a lung that might be protected by surfactant. The initiation of ventilation at birth stretches the airways and triggers early growth response protein 1 (Egr-1) activation [10] . The pro-inflammatory cascade from Egr-1 signals through NF-B to increase cytokines and chemokines [1, 10] .
At a given preterm gestational age, infants have variable lung maturation because of the abnormalities associated with the preterm delivery. An argument for allowing the infant to transition to air breathing with continuous positive airway pressure (CPAP) is that uncontrolled high tidal volume ventilation can be avoided [11] . However, many infants will require ventilation to achieve respiratory transition [12] . The variability in lung function in experimental animals at delivery is less than in humans because the pregnancies are normal and the deliveries are carefully controlled. However, in sheep fetal lung maturation is rapidly changing between 128 and 136 days gestation [13] . We used a standardized 15 min escalating tidal volume injury maneuver in preterm sheep delivered at 133-134 d gestation to test if inhibitors of IL-8, IL-1, or NF-B would decrease injury responses. We used well described early response genes (HSP70, Egr-1) and acute phase cytokines (IL-1β, IL-6, IL-8, MCP-1), as well as inflammatory cells, to quantify the lung injury. We also evaluated the endogenous surfactant pool size to test how this variability modulated the standardized stretch injury.
Methods
The investigations were approved by the Animal Ethics Committees of the University of Western Australia and Cincinnati Children's Hospital Medical Center.
Ventilation protocol
Ewes at 133 d to 134 d gestation were anesthetized prior to operative delivery of lambs [2] . Following externalization of the head, an endotracheal tube was secured surgically [14] . After delivery, lambs were weighed and ventilated with heated and humidified gas with FiO 2 of 0.4, rate 40 breaths/min, and inspiration time of 0.7 sec (Bournes BP200) without surfactant treatment. Lambs received ventilation without PEEP and with tidal volume (V T ) targets of 8-10 mL/kg at 5 min, 12 mL/kg at 10 min, and 15 mL/kg by 15 min, followed by 1 h 45 min ventilation with a PEEP 5 cmH 2 0 and a target PaCO 2 at 50-60 mmHg. The upper limits were 40 cmH 2 O for PIP and 10 mL/kg for V T . V T values were measured continuously with Florian Respiratory Monitors (Acutronic Medical Systems, Switzerland). FiO 2 was adjusted to maintain an oxyhemoglobin saturation between 88-95%. The ventilated lambs had umbilical arterial and venous catheters placed, and were anesthetized with Remifentanil and Propofol [14] . The animals received a FiO 2 of 1.0 for 3 minutes prior to receiving a lethal dose of intravenous pentobarbital (100 mg/kg) at 2 h after birth. Unventilated controls were euthanized prior to delivery.
Treatment with inhibitors
Lambs were randomized to selected inhibitors of inflammation (n = 7 animals/group) given prior to delivery and prior to initiating high V T ventilation. Lambs were randomized to: 1) No inhibitor -received the V T injury maneuver followed by ventilation only, 2) a NF-B Inhibitor: Parthenolide 5 mg IV and 5 mg given intratracheally, mixed with the fetal lung fluid (Sigma, St. Louis, MO), 3) an IL-8 inhibitor: nicotinanilide thioglycolate methyl ester (NTME) 10 mg IV (Synthrix Biosystems, Auburn, WA), 4) the IL-1 receptor antagonist: Anikinra at doses of 100 mg IV and 100 mg intratracheally (Amgen, Inc., Thousand Oaks, CA), or 5) unventilated controls. Doses and routes of administration for this pilot study were determined from prior experiments [15] [16] [17] .
Lung Processing and Analysis
Bronchoalveolar lavage fluid (BALF) of the left lung was used to determine total protein content [18] , saturated phosphatidylcholine (Sat PC) and differential cell counts after cytospins [19] . Sat PC was recovered after treatment of organic solvet extracts of the BALF with osmium tetroxide by alumina column chromatography and quantified by phosphorus assay [20] . Tissue from the lung were snap frozen. Total RNA was isolated using a modified Chomzynski method, and 10 μg of total RNA was used for IL-1β, IL-6, and IL-8 RNAse protection assays [21, 22] . The right upper lobe was inflation fixed at 30 cmH 2 0 with 10% formalin [23] , and tissue sections were used for injury scores [1] . MCP-1 protein from BALF was analyzed by sandwich ELISA using anti-ovine MCP-1 antibodies [24] . Immunostaining protocols used paraffin sections (5 μm, transverse) of formalin fixed tissues with anti-human Egr-1 1:250 dilution (Santa Cruz, USA) or anti-ovine MCP-1 1:300 (internally produced) [1, 2] . For HSP70 mRNA identification in situ, digoxigenin-labeled riboprobes were generated (Roche, USA) and developed per protocol [1] .
Statistics
All values are expressed as means ± SEM. Comparisons between intervention groups were made with two-tailed Mann-Whitney nonparametric tests, Welch t-tests, or ANOVA where appropriate. Significance was accepted at p < 0.05.
Results
All 28 lambs survived the 2 h ventilation period. There were no differences between cord blood gas measurements, birth weights, or gender between the groups. All animals achieved the V T goal of 15 mL/kg by 15 min and animals had similar V T ventilation throughout the 2 h study (Table 1 ). All ventilated lambs had increased BAL inflammatory cells, total protein, and MCP-1 protein compared with unventilated controls. There were no differences in the cytokine mRNA levels for IL-1β, IL-6 or IL-8 between the untreated or the inhibitor treatment groups. The lambs at this gestational age had large differences in surfactant pool size as measured by Sat PC in the BALF. The wide variances for cytokine mRNA within each treatment group correlated with the variation of Sat PC pool sizes ( Figure 1 ). When analyzed in this way, the inhibitors had no effect on the injury within the limits of group sizes of 7 animals.
Lambs then were stratified into two groups based on the graphical presentations noted in Figure 1 into those with Sat PC levels < 5 μmol/kg in BAL (n = 18) and those with levels > 5 μmol/kg in BAL (n = 10). Unventilated control lambs had a Sat PC level of 2.0 ± 0.5 μmol/kg. All lambs had less Sat PC than the normal levels of approximately 65 μmol/kg reported for term lambs [25] . There were no differences in birth weight, gestational age, or gender ratio between lambs with Sat PC values greater or less than 5 μmol/kg ( Table 2 ). The differences in Sat PC measured at 2 h did not significantly change the dynamic compliance during the 15 min V T injury maneuver (Table 2) . Although no significant differences in V T or compliance were apparent during the 15 min stretch injury or at 30 min, lambs with Sat PC levels > 5 μmol/kg had improved ventilation, oxygenation, and compliances when ventilated with lower V T for the last hour of mechanical ventilation ( Figure 2 ). Lambs with Sat PC < 5 μmol/kg required a FiO 2 between 0.40 to 0.53 to maintain oxygen saturations, whereas the lambs with higher Sat PC levels required a FiO 2 of only 0.25 to 0.39.
All markers of lung injury were higher in animals with Sat PC levels below 5 μmol/kg in BALF than in the animals with higher Sat PC levels ( Table 2 ). All ventilated animals had airway injury with sloughing of epithelium and inflammatory cells. Injury scoring between groups was higher in low Sat PC animals ( Table 2 ). In situ localization of HSP70 mRNA demonstrated loss of the mRNA from bronchial epithelial cells in the ventilated animals compared with the unventilated controls and increased HSP70 mRNA in the smooth muscle surrounding the airways with ventilation ( Figure 3A -C). There were no differences in HSP70 mRNA expression, representing similar airway over-expansion during ventilation. Early growth response protein 1 (Egr-1) surrounded the mesenchyme of the larger airways and was Hillman
expressed in the medium sized conducting airways (Figure 3D-F) . Egr-1 staining tended to be higher (175 vs 128 cells/high power field) in animals with lower Sat PC levels ( Figure 3D-F) . MCP-1 protein was localized to similar regions, but with more variation within each group ( Figure 3G-I) . MCP-1 protein levels in the BAL were increased 5 fold in animals with Sat PC less than 5 μmol/kg ( In these studies, we attempted to inhibit important pro-inflammatory mediators of early lung injury response. Since many of the pro-inflammatory cytokines are transcribed after nuclear translocation of NF-B, we used both IV and intra-tracheal parthenolide to block NF-kB activation in 7 lambs. Parthenolide is a sesquiterpene lactone derived from the plant Feverfew which may block NF-B activity through inhibition of I-B kinase activity [26] . The NF-kB system is active in preterm sheep and responds to intra-amniotic LPS [27] . Mice also have NF-B activity by mid-gestation which increases near the end of gestation and in early postnatal life [28] . Mice ventilated with large V T had NF-B activation and cytokine production similar to mice exposed to LPS, but the cytokine increases were blocked by pretreatment with dexamthasone [29] . Our previous attempts to block lung inflammation with high dose dexamethasone or hydrocortisone were unsuccessful in the setting of initiation of ventilation in preterm sheep [2] . In a newborn piglet model of RDS, animals receiving a NF-B inhibitor had no improvement over controls [30] . Inhibition of NF-B in mice exposed to high V T ventilation and hyperoxia blocked the additive effect of hyperoxia on volutrauma suggesting differing roles of NF-B in stretch injury verses oxidative injury [31] . In these three animal models of acute respiratory failure and in these preterm lambs, blockade of NF-B was unable to prevent inflammation from mechanical ventilation.
We also attempted to block two of the major proinflammatory cytokines that are increased with high V T ventilation. We used recombinant human IL-1ra (Anikinra) to block IL-1 signaling. rhIL-RA is used clinically for treatment of a variety of inflammatory diseases and mutations ofIL-1ra result in severe systemic inflammation in early childhood [32] . We previously demonstrated that rhIL-1ra completely blocked lung inflammation from recombinant sheep IL-1 and decreased, but did not eliminate, the inflammatory response to LPS [16] . When adjusted for the amount of Sat PC in BAL, the IL-1 receptor blocker did not decrease lung injury in these lambs. We also tested nicotinanilide thioglycolate methyl ester (NTME), a CXCR2 inhibitor, to block IL-8 signaling. We previously demonstrated that NTME blocked recombinant ovine IL-8, but did not inhibitLPS induced lung inflammation in preterm sheep [15] . We found no decrease in ventilation mediated lung injury for this IL-8 inhibitor.
Although drug levels were not measured in this study, we previously measured bio-availability of Anikinra and NTME in sheep [15, 16] . Based on our previous results, the dosage used in the present study should have blocked IL-1 and IL-8 signaling. These studies, in combination with our previous study with postnatal corticosteroid treatment, suggest that blockade of proinflammatory responses to the initiation of ventilation of preterm infants will not be accomplished easily. Previous preterm animal studies demonstrated improved ventilation with increasing endogenous surfactant pool sizes [7, 19] . Base on the observation that animals with lower Sat PC levels had exponentially higher indicators of lung injury, we stratified the animals based on Sat PC level. We found animals with Sat PC levels less than < 5 μmol/kg (about 8 mg/kg surfactant based on assumption that Sat PC is 50% of the surfactant lipid pool) had significantly more injury than those with more Sat PC. These findings were similar to our previous findings that lambs with less than 1.9 μmol/kg Sat PC (3 mg/kg surfactant) had high PaCO 2 on CPAP, whereas lambs with more Sat PC had normal PaCO 2 levels [19] . The average surfactant pool of the term newborn sheep is approximately 100 mg/kg in BALF [25] . The average surfactant pool in group of animals with > 5 μmol/kg was about 15% of the levels reported at term. The average Sat PC pool for the lambs with < 5 μmol/kg was 2.5 μmol/kg, about 1.3 fold higher than that for lambs that previously survived on CPAP [19] . This lower effective pool size for the lambs on CPAP may result from the lack of intentional lung injury in those animals. The high V T and resultant lung injury should cause inhibition of endogenous surfactant pools [7] . In 1970, Adams found surfactant pools less than 5 mg/kg in infants who died with RDS without mechanical ventilation [33] . These lambs were date-mated and the majority of lambs (25/28) were 133 days gestation, suggesting that small variations in lung maturation at the same gestational age can affect lung injury. Small changes in endogenous surfactant levels may have larger effects on lung mechanics than larger surfactant pool size increases with surfactant treatment [7] .
Small increases in the endogenous surfactant pool size could decrease the heterogeneity of lung expansion and cause a more even distribution of V T across the regions of the lung, and thus decrease focal injury [34] . Surfactant decreases surface tension and maintains FRC [35] . Since no PEEP was used during the first 15 min, the lambs with higher Sat PC may have had reduced regions of airway collapse. Newly secreted surfactant following birth is the large aggregate surfactant that has the best functional characteristics. High tidal volume ventilation can convert surfactant from surface-active large-aggregates to less surface-active surfactant forms [36] and these changes in surfactant forms proceed physiologic changes during ventilation [37] . The lambs with less surfactant in BAL may have had less functional surfactant and more surfactant inhibition, although these variables were not measured [38] . The induction of HSP70 in the smooth muscle of the airways was not changed by the amount of Sat PC, demonstrating an airway injury response with ventilation in all groups [1] . Our current analysis of injury based on surfactant pool size stresses the importance of the endogenous surfactant pool size on lung injury induced by the initiation of ventilation at birth.
A limitation of our study is the sample size (n = 7 to 8) for each intervention group. The study is thus powered to demonstrate only large differences between inhibitor groups and small differences from the inhibitors would not be detected. This variability in injury response is a limitation to studies with large animals. Another limitation of the study is the use of Sat PC levels after 2 hours of ventilation as a marker for endogenous surfactant pool size at birth. Surfactant is secreted into the airspace with the initiation of ventilation [9] , such the pool size during the 15 min of tidal volume escalation would be smaller than the values measured at 2 hr. A final limitation of large animal studies is the difficulty in proving causality. We simply can correlate the results that lambs with increased surfactant pool sizes had decreased injury, as was seen with premature rabbits [13] .
Conclusions
Small changes in the surfactant pool size correlated with large differences in lung injury and inflammation. All the preterm lambs were surfactant deficient and had ventilator induced lung injury, but a Sat PC level of > 5 μmol/kg was sufficient to reduce the injury. Stretch injury to preterm sheep lung activates multiple, overlapping acute phase response pathways, with cytokine production and lung inflammation as potential adverse outcomes. The lung inflammation from mechanical ventilation will likely not be prevented by the inhibition of any particular pro-inflammatory cytokine or by a more global inhibition with postnatal steroids [2] . While surfactant pools may serve as a biomarker for eventual lung injury from mechanical ventilation, there is no practical way to measure the pool size prior to or shortly after resuscitation in infants. Minor changes in surfactant pool sizes, as demonstrated by this study, are important for lung injury and support the use of antenatal steroids to increase surfactant. 
